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Abstract 
A 2D axi-symmetric CFD code (NAFA-LOOP) has been developed for studying the heat transfer and steady state characteristics 
of supercritical CO2 natural circulation loop (SPNCL). NAFA-Loop is derived from the pipe flow solver (NAFA) which was 
developed earlier to study the heat transfer characteristics of supercritical fluid pipe flow. The code is validated at supercritical 
condition with experimental results. Effect of pressure on heat transfer and steady state characteristics has been studied by 
keeping all the operating parameters such as secondary side coolant flow rate and secondary side coolant inlet temperature 
constant except the pressure. And the heater power is varied from 200 W to 3000 W for each pressure. As increasing the 
pressure, the steady state mass flow rate increases because of increase in the density difference in loop (driving force). But the 
maximum value of heat transfer coefficient decreases as increasing the pressure.    
© 2015 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the organizing committee of ICCHMT – 2015. 
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1. Introduction 
Natural circulation loop (NCL) consists of a heat source at the lower elevation, sink at higher elevation and 
piping connecting source and sink. Absence of pump makes this mode more reliable compared to forced circulation 
of coolant in nuclear reactors during normal and accidental conditions. A natural circulation loop (NCL) can 
represent primary heat transport system of a natural circulation based nuclear reactor.  
Supercritical water reactor (SCWR) is one of the six nuclear reactors, as selected by Gen IV International 
Forum (GIF) for further development. Instead of supercritical water, some reactor designs consider supercritical 
CO2 as coolant [1]. The variation of density, specific heat, viscosity and thermal conductivity of CO2 with 
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temperature at supercritical pressures is qualitatively similar to that of water. Hence, CO2 is considered a good 
substitute for water for heat transfer studies. 
Nomenclature 
Cp Specific heat of fluid at constant    effμ   Effective viscosity teff μμμ +=pressure (J/kg K)            
g Gravitational acceleration (m/s2)                   θ       Angle with horizontal axis 
h             Heat transfer coefficient (W/m2 K)                 μ      Viscosity (Pa s) 
k Turbulent kinetic energy (m2/s2)                      λ       Thermal conductivity (W/m K) 
P Pressure (Pa)                                                    ρ      Density (kg/m
3) 
q Heat flux (W/ m2)                                            tσ     Turbulent Prandlt number 
r radius                                                               
T            Temperature (K)                                            Dimensionless parameter
∞
T  Secondary side temperature (K)                      Nu    Nusselt number 
V Velocity (m/s)                                                  Pr       Prandlt number 
Greek symbols                                                               Subscripts
ε          Turbulent kinetic energy dissipation rate (m2/s3) r       Radial component          
Tμ      Turbulent viscosity (Pa s)                                 w      Wall                                 
In a rectangular natural circulation loop, four configurations are possible by varying the heater and cooler positions, 
namely, (1) Horizontal Heater Horizontal Cooler (HHHC), (2) Horizontal Heater Vertical Cooler (HHVC), (3) 
Vertical Heater Horizontal Cooler (VHHC) and (4) Vertical Heater Vertical cooler (VHVC) configuration. Very few 
studies have been done in heat transfer and steady state characteristics of VHVC configuration of supercritical fluid 
natural circulation loop (SPNCL). Most of the researches were focused on the stability analysis of the SPNCL 
[2,3,4]. In this paper, heat transfer and steady state characteristics of supercritical CO2 natural circulation loop 
(VHVC configuration) at different operating pressure for range of powers have been discussed.    
\Figure 1 Variation of density at different pressure              Figure 2 Variation of viscosity at different pressure 
The temperature at which the fluid exhibits high specific heat at particular pressure is called pseudo-critical 
point. The pseudo-critical point changes to higher temperature with increase in pressure. However the value of 
specific heat at pseudo-critical temperature decreases with increase in the pressure.  The thermo-physical properties 
of CO2 such as density, viscosity, specific heat and thermal conductivity at 85, 90 and 95 bar are shown in the  
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\Figure 1 Variation of density at different pressure              Figure 2 Variation of viscosity at different pressure 
,             Figure 2, Figure 3 and Figure 4 respectively. These properties directly affect the steady state and heat 
transfer characteristics of supercritical CO2 natural circulation loop. The pseudo-critical points at pressure of 85, 90 
and 95 bar are 310.5 K, 313.17 K and 315.7 K respectively. 
Figure 3 Variation of specific heat at different pressure Figure 4 Variation of thermal conductivity at different 
pressure
2. Experimental Setup 
The experimental set up of supercritical CO2 natural circulation loop is shown in Figure 5.  
Figure 5 Schematic of SPNCL 
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Design details of this loop are published earlier [5] and only relevant details are given here. It is a uniform 
diameter rectangular loop with 13.88 mm inside diameter and outside diameter of 21.34 mm. The loop has two 
heater sections and two cooler sections. The loop can be operated in any one of the four orientations (HHHC, 
HHVC, VHHC or VHVC) by switching on one heater and one cooler. The cooler was tube-in-tube type heat 
exchanger with chilled water as secondary coolant flowing in the annulus. The CO2 in the loop is pressurized to 
desired value by filling the cover gas (helium) above the carbon dioxide in the loop at appropriate pressure. The 
operating pressure is measured with the help of two pressure transducers. The fluid temperature is measured at 
heater inlet, heater outlet, cooler inlet and cooler outlet positions.  
3. Numerical Model 
A 2D axi-symmetric pipe flow code, named NAFA (Numerical Analysis of Flows in Axi-symmetric 
geometries), was developed for pipe flow and validated and applied to a number of studies [6]. This code was 
modified to suit a closed loop and named as NAFA-LOOP. It solves for the transport equations for the mean flow 
and turbulence in a cylindrical coordinate system. The computational study has been conducted using NAFALOOP. 
It solves the transport equations for both the mean flow and turbulence in a cylindrical coordinator system using a 
widely used finite volume scheme [7].The Reynolds averaged equations are as follows 
Continuity equation is 
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∂
∂
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∂
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θρρμμ
μρμρ
cos
3
2
3
2
                                  
3
4
z
r
effr
z
effzzzeffzr
grkr
zz
V
r
rr
rV
zz
P
r
z
VVVr
zr
VVVr
r
+¹¸
·
©¨
§
∂
∂
−¹¸
·
©¨
§
∂
∂
∂
∂
+¹¸
·
©¨
§
∂
∂
∂
∂
−
∂
∂
−
=¹¸
·
©¨
§
∂
∂
−
∂
∂
+¹¸
·
©¨
§
∂
∂
−
∂
∂
               
(2) 
 Radial momentum equation is as given below. 
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Energy equation is as given below. 
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The turbulent viscosity required in above equations is obtained from turbulent kinetic energy and its dissipation rate 
using following expression. 
ε
ρμ μ
2k
cT =                                                                                                        (5) 
High Re standard k-İ turbulence model with standard wall functions is implemented in NAFA-LOOP.  
Turbulent kinetic energy equation is as follows. 
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Equation for rate of dissipation of turbulent kinetic energy is as follows. 
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In above two equations, “Gk” represents the generation of turbulent kinetic energy due to the mean velocity 
gradients, given by following approximation. 
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In these equations, various constants are used whose values are given in Table 1. And the boundary conditions are 
given in Table 2. 
  
Table 1. Various constants used in standard k-İ turbulence model 
kσ εσ 1c 2c μc tσ
1 1.3 1.44 1.92 0.09 0.85 
Table 2. Boundary conditions 
Wall Axis 
Heater  
wq
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Adiabatic 
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∂
∂
r
Tk , 0 ,0 == rz VV
For discretizing the combined convection and diffusion term of momentum equation, k as well as İ equations 
power law scheme is used. For discretizing the convection and diffusion terms in energy equation first order upwind 
scheme and central difference method are used respectively. The coupled momentum, energy and pressure 
correction equations are solved by SIMPLE algorithm. The resulting five point coefficient matrix system, for each 
discretized conservation equation, is solved iteratively using line-by-line TDMA algorithm. The residual of each 
governing equation is converged to 10-8 in each case.  
4. Results and Discussion 
4.1. Mesh independency and validation of NAFA-LOOP 
Mesh independency is studied with different axial grid spacings such as 0.05 m, 0.02 m, 0.01 m and 0.005 m. 
The number of nodes in the radial direction is fixed based on the y-plus value. The y-plus value of 1st cell adjacent 
to wall for 25 radial cells is 12.2. The axial variation of fluid velocity as computed using different axial grids is 
shown in Figure 6. The figure shows that velocity profile computed using grid spacing of 0.01m and 0.005 m 
coincide with each other. Hence grid independency is achieved at a grid spacing of 0.01 m.   
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Figure 6 Mesh independence study Figure 7 Comparison of measured and computed results 
The simulation results are compared with the previously published results from experiments done at author’s 
institute [8]. For this, the heater power is varied from 0.1 kW to 2 kW. The resulting steady state mass flow rates, as 
computed by NAFA-LOOP are compared with experimental data, which is shown in Figure 7. 2D simulation results 
are able to reproduce experimental results qualitatively and simulation results are within the experimental 
uncertainty. 
4.2. Effect of pressure on the steady state characteristics 
The effect of pressure on steady state characteristics of SPNCL is studied in this section. The operating 
conditions are coolant flow rate 56 lpm, and secondary side coolant temperature is 281 K. The heater power is 
varied from 200 W to 3000 W. Mass flow rate and temperature rise in the heater verses power are potted at different 
heater power in Figure 8 and Figure 9 for different operating pressure 85, 90 and 95 bar. 
Figure 8 Variation of mass flow rate at different pressure Figure 9 Variation of mass flow rate at different 
pressure 
As the power increases the mass flow rate in the loop increases and after attaining the maximum, mass flow 
decreases. And as the pressure increases from 85 to 95 bar, the mass flow rate also increases beyond 1600 W.  
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Figure 10 Variation of mass flow rate at different pressure 
The variation of mass flow rate at different power can also be plotted in terms of loop average temperature 
which is shown in Figure 10. From this figure, it can be concluded that, the maximum flow rate happen when 
average temperature in the loop is near to the pseudo-critical temperature. At that point the density difference is 
maximum, which is the driving force.  
In order to explain the effect of pressure on steady state characteristics of natural circulation loop, density 
difference in the loop (which is the driving force) and loop average friction factor (frictional force is opposing force 
acting in loop) are plotted in Figure 11and Figure 12. At steady state the buoyancy force balances the frictional 
force. As heater power increases the density difference increases and frictional force decreases, which makes the 
mass flow rate in the loop increases. But when the average temperature in the loop increases beyond the pseudo-
critical point, the density difference decreases and frictional force increases which make the mass flow rate in the 
loop decreases. 
As long as heater power is less than 1600 W, with increase in pressure, at a given heater power, there is hardly 
any change in mass flow rate. However, beyond a heater power of 1600 W, increase in pressure is found to increase 
mass flow rate (at a fixed heater power). Thus, the effect of increased operating pressure is beneficial at higher 
power levels. 
Figure 11 Variation of density difference 
at different power
Figure 12 Variation of density difference at  
different power
4.3. Effect of pressure on heat transfer in heater and cooler  
The effect of pressure on heat transfer characteristics in heater and cooler are studied in this section. The 
operating conditions are same as that is explained in the previous section (4.2). The effect of pressure on average 
Nusselt number is shown for heater section and in cooler section in Figure 13 and Figure 14 respectively.  
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Figure 13 Variation of Nusselt number in heater at 
different pressure
Figure 14 Variation of Nusselt number in cooler at 
different pressure
It can be seen that, with increase in pressure, up to heater power of 1600 W, there is decrease in Nusselt 
number. But beyond 1600 W heater power, opposite trend is visible. This is because, at lower pressure, with 
increase in power, decrease in Nu is sharp. At higher pressure also, Nu decreases but not so fast. Hence, in absolute 
terms, Nu is more at higher pressure in this power range (> 1600 W). Similar trend is observed in cooler section 
also, as is evident from Figure 14.  
To explain this phenomenon, Prandtl number is plotted at different pressures in heater and cooler section .The 
radial variation of Prandtl number in heater for heater power of 1600 W and 2000 W at different pressure are plotted 
in Figure 15 and Figure 16. At 1600 W, with increase in pressure, there is decrease in Prandtl number, which means 
decrease in heat transfer. Thus the Nusselt number decreases with increase in pressure.  However, at 2000 W, with 
increase in pressure, there is increase in Prandtl number which means increase in heat transfer. Thus the Nusselt 
number increases with increase in pressure at higher power. Since Nu is directly proportional to Prandtl number in a 
turbulent flow, hence the profile of Nu matches well with that of Prandtl number. 
The radial variation of Prandtl number in cooler for heater power of 1800 W and 2600 W at different pressure 
are plotted in Figure 17 and Figure 18. Qualitatively, the effect of pressure on Prandtl number at both power levels is 
same as that for heater. 
Figure 15 Radial variation of Prandlt number in heater for 
1600 W 
Figure 16 Radial variation of Prandlt number in heater for 
2000 W
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Figure 17 Radial variation of Prandlt number in cooler for 
1800 W 
Figure 18 Radial variation of Prandlt number in cooler for 
2600 W 
5. Conclusions 
A 2D axi-symmetric CFD code (NAFA-LOOP) has been developed for studying the heat transfer and steady 
state characteristics of supercritical CO2 natural circulation loop. Effect of pressure on heat transfer and steady state 
characteristics has been studied by keeping all the operating parameters such as secondary side coolant flow rate and 
secondary side coolant inlet temperature constant except the pressure and heater power. As increasing the pressure, 
the steady state mass flow rate increases because of increase in the density difference in loop. But the maximum 
value of heat transfer coefficient decreases as increasing the pressure. 
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